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We investigate an alternative CPT-odd Lorentz-breaking QED which includes the CFJ term of
the Standard Model Extension (SME), writing the gauge sector in the action in a Palatini-like
form, in which the vectorial field and the field-strength tensor are treated as independent entities.
Interestingly, this naturally relaxes the condition of gauge invariance in the classical action. We
study physical consistency aspects of the model both at classical and quantum levels.
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I. INTRODUCTION
There is no doubt that Lorentz and gauge symmetries have fundamental importance for understanding
the interactions between elementary particles. However, although experiments put very strong constraints
on the violation of these symmetries, they are not protected by underlying principles. Thus, they might be
approximate symmetries from a more fundamental theory which has the Standard Model as an effective
description at low energy.
A direct consequence of an exact gauge symmetry in QED is that photons must be massless. Physical
effects beyond Maxwell electromagnetism were extensively discussed in the context of Proca model [1, 2].
Regarding the effective character of this symmetry, it may be possible that photons have a very small but
nonvanishing rest mass mγ . Although methods using different astrophysical sources put strong limits on
the mass of the photon [3], the possibility of a non-vanishing mγ has been recently discussed by many
authors in different contexts, such as a model with Lorentz and supersymmetry breaking [4], the photon-
photon scattering [5], the regularization of QCD+QED on the lattice [6] , the current confinement in
2+1 dimensions [7], the black hole formation [8] and as a possible imprint of strings [9], extra-dimensions
[10] and inflation [11].
The possible violation of the symmetries of special relativity at high energy has been considered by
many authors since the original works by Kostelecky and Samuel [12]. In fact, very different scenarios
for very high energy physics agree that the usual symmetries of special relativity are expected to be
broken in this limit as a natural consequence of quantum gravity effects [12, 13]. Here we are concerned
with the possibility of Lorentz-violating modifications in the framework of the Standard Model Extension
(SME) [14]. In the SME, the Lorentz-violating terms are provided by adding to the minimal Standard
Model all possible Lorentz-violating terms that could arise from spontaneous symmetry-breaking at very
high energy [15]. These terms incorporate constant tensors which emerge from the spontaneous Lorentz
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2symmetry-breaking. The magnitude of these background tensors must be fixed by experiments (see [17]
for experimental results) and, of course, are expected to be very tiny. The model is interpreted as an
effective description of Lorentz violation at low energy. The SME preserves SU(3)×SU(2)×U(1) gauge
symmetry and renormalizability.
The modification of classical electrodynamics by the inclusion of a CPT- and Lorentz-violating term in
the photon sector has been discussed originally by Carroll, Field and Jackiw [16]. Initially, the authors
suggested that the polarization of radio signs coming from distant astrophysical objects could be an effect
of cosmic anisotropies associated with the violation of Lorentz symmetry [18]. With the advent of the
SME [14], other possible physical systems which may furnish signs of Lorentz violation were proposed [19–
24]. Turning back to the particular case of the Carroll-Field-Jackiw (CFJ) term, an important question
was first discussed in reference [25], in which Kostelecky` and Jackiw addressed the question of its quantum
induction when an axial Lorentz- and CPT-violating term is added to the fermionic sector. In this paper,
we focus on an alternative CPT-odd extension of QED which includes a CFJ term, writing the gauge
contributions in the action in the Palatini form, where Aµ and Fµν are treated as independent fields [26].
Interestingly, this naturally relaxes the condition of gauge invariance in the classical action. We, then,
investigate the physical consistency aspects of the model both at classical and quantum levels.
This Letter is organized as follows. In section II, we present our model and carry out some general
discussions. The question of the spacetime nature of the background vector responsible for the Lorentz-
breaking in the CFJ term is addressed in section III, with the analysis of the propagating modes of
the gauge field. In section IV we consider the quantum model. In particular, we present the one-loop
calculation of the radiative corrections to the two-point functions of the gauge and fermion fields up to
second-order in the Lorentz-violating parameters. Finally, we conclude in section V.
II. GENERAL DISCUSSIONS ON THE MODEL
Let us write, from the Standard Model Extension, the following CPT-odd Lorentz-breaking classical
action for Electrodynamics:
S =
∫
d4x
(
LQED +
1
2
κσǫσλµνA
λFµν − bµψ¯γ
µγ5ψ
)
, (1)
in which the first term is the usual QED Lagrangian density, the second term is the Carroll-Field-Jackiw
modification of the photon sector and, the last one, a Lorentz- and CPT-breaking axial term in the
fermionic sector. The vectors κµ and bµ are defined in quantum theory by convenient renormalization
conditions. Actually, there are tight bounds on the Lorentz-violating parameters of the SME obtained
from experiments both at low and high energy [17].
The action of equation (1), in the SME context, is gauge-invariant, with Fµν being the usual Maxwell
field-strength tensor. However, if we write the gauge contributions in the action in the Palatini form,
taking Aµ and Fµν as independent fields,
SG =
∫
d4x
(
−
1
2
Fµν (∂
µAν − ∂νAµ) +
1
4
FµνF
µν +
1
2
κσǫσλµνA
λFµν
)
, (2)
the Euler-Lagrange equations for Fµν , obtained from the Lagrangian density in (2), read
Fµν = ∂µAν − ∂νAµ − κ
σǫµνσρA
ρ. (3)
In other words, if one does not assume any explicit relationship between Fµν and Aµ, the variation of
the action (2) with respect to Fµν gives rise to a non-conventional field-strength tensor. In fact, it is
clear that Fµν in equation (3) is not invariant under the transformation A
µ → Aµ + ∂µΛ(x), due to
the presence of the extra term. Furthermore, using (3) in (2), we obtain the Lagrangian density for the
modified photon sector
LG = −
1
4
(∂µAν − ∂νAµ) (∂µAν − ∂νAµ) + κ
µǫµνρσA
ν∂ρAσ +
1
2
(
κ2ηµν − κµκν
)
AµAν . (4)
3A note on the Palatini formulation is in order. Usually, in this formulation each term is split in two,
one depending on only one of the fields and another depending on both. This is the case for the Maxwell
term, for which we have a term depending only on Fµν and another with Aµ and Fµν . However, this
procedure does not work for the CFJ term, since it is not possible to write such a term depending only
on Fµν . Another possibility would be to we use a CFJ with only Aµ, but, in this case, the field equations
are not changed and it would be innocuous for the model.
We observe that this Palatini-like formulation, with the contribution of Lorentz violation, induced a
Lorent-breaking mass term which, in turn, causes the violation of gauge symmetry. It is relevant to
enforce the role of the CFJ term is this process, since if we have κµ = (0, 0, 0, 0) the gauge symmetry is
restored. Therefore, we have an interesting case in which Lorentz-symmetry violation causes the breaking
of gauge invariance. Models with the presence of Lorentz-violating mass terms have been investigated
before and present remarkable peculiarities. Some of these particularities were pointed out in [32] and
[33], in which a mass term −(1/2)m2AjA
j in electrodynamics was considered, being j a spatial index.
The gauge field, in this case, has two massive degrees of freedom, but the static force between charged
particles is Coulomb-like. In [34], it was investigated the possibility of radiatively generating a Lorentz-
breaking mass for the photon in second order in the Lorentz-breaking vector. It was also carried out an
analysis of more general mass terms, and the possibility of existence of superluminal modes in such cases
was showed. A Stueckelberg lagrangian for massive photons in a generalized Rξ gauge was studied in [35].
Lorentz-breaking mass terms generated by spontaneous gauge symmetry breaking in a Lorentz-violating
gauge-Higgs model were investigated in [36]. In [37], some aspects of this kind of gauge-symmetry breaking
were focused in a study of dual models.
It is important to note that the sign of κ2 might have strong implications in the gauge model of (4). In
particular, it is well known that consistency conditions concerning the issues of unitarity and causality
are directly related to the spacetime nature of the vector κµ, that is, if it is spacelike, lightlike or timelike
[27–29]. In the next section, we address these questions in the context of the model with the photon-sector
described by equation (4).
III. CLASSICAL PROPAGATOR ANALYSIS
Let us start by studying the physical consistency of the gauge sector given by the Lagrangian density (4).
Throughout this paper we will use the flat spacetime signature ηµν = (1,−1,−1,−1) of the Minkowski
space. Considering this Lagrangian density in the action, if we use partial integration, we obtain
LG =
1
2
AµOµνA
ν , (5)
with
Oµν = (+ κ
2)θµν + κ
2ωµν + 2Sµν − Λµν . (6)
where θµν = ηµν −
∂µ∂ν

and ωµν =
∂µ∂ν

are respectively the transverse and longitudinal spin-projector
operators. Besides, we use the κ-dependent operators Sµν = εµνσλκ
σ∂λ and Λµν = κµκν . In order to
obtain a closed algebra, one needs to include a new operator given by Σµν = κµ∂ν . We then proceed to
the calculation of the classical propagator of the gauge field, given by
∆µν = i
(
O−1
)
µν
, (7)
following the same procedure as in reference [29].
After a lengthy but straightforward calculation we obtain, in momentum-space,
∆µν =
i
D1
{
(−k2 + κ2)θµν +
1
κ2D2
[
D1D2 − λ
2
(
k2(k2 − κ2)− 4D2
)]
ωµν
−2iSµν +
1
D2
[
κ2(−k2 + κ2)− 4D2
]
Λµν −
λ(−k2 + κ2)
D2
(Σµν +Σνµ)
}
, (8)
4in which
D1 = (k
2 + κ2 + 2λ)(k2 + κ2 − 2λ) (9)
and
D2 = λ
2 − κ2k2, (10)
with λ = κµkµ.
Once the gauge-field propagator is known, we are ready to discuss the particle content of the model.
The elementary stable particles displayed in the spectrum of a model should appear as the poles of the
field propagator. However, there are issues like causality and unitarity that have to be analyzed once the
poles have been identified. This matter will be next discussed. With this purpose, we split our discussion
into 3 cases: spacelike, timelike and lightlike κµ.
A. The case of κµ spacelike
We set, without loss of generality, our external spacelike vector as given by κµ = (0, 0, 0, t). In this
case, we have κ2 = −t2 and λ = −tkz. The propagator presents three poles. For the general denominator
D1, we have the poles k
2
0 ≡ m
2
1 = k
2
x + k
2
y + (kz + t)
2 and k20 ≡ m
2
2 = k
2
x + k
2
y + (kz − t)
2. On the other
hand, the denominator D2, which is present in some of the terms, provides the pole k
2
0 ≡ m˜
2 = k2x + k
2
y.
Before analyzing the residue in the poles, we would like to check under which conditions the gauge-field
propagates for each one of the modes. Let us write the field equation in momentum space:
(−k2 + κ2)Aν + kµA
µkν + 2iεµναβκ
αkβAµ − κµA
µκν = 0. (11)
If we contract kν with the above equation, we obtain the gauge condition,
kνA
ν =
(
κµk
µ
κ2
)
κνA
ν , (12)
such that the field equation yields
(−k2 + κ2)Aν +
[(
κµk
µ
κ2
)
kν − κν
]
κµA
µ + 2iεµναβκ
αkβAµ = 0, (13)
which for our spacelike κµ is written as
− (k2 + t2)Aν −
(
kzkν + t
2δ3ν
)
Az + 2itεµν3βk
βAµ = 0. (14)
We choose our coordinate system such that Aµ = (φ,Ax, 0, Az), providing that Ax is the A component
orthogonal to κ. Taking the third component of the field equation, we obtain
(k2 + k2z)Az = 0, (15)
and we have two possibilities which should be investigated: Az = 0 and k
2
0 = k
2
x + k
2
y. We begin by the
second one, which imposes several restrictions on the components of the momentum.
When the pole k20 = m˜
2 is considered along with the field equations, we obtain the constraints kz = 0
and φ = Ax = 0. This means that the pole k
2
0 = m˜
2 is to be associated with a photon polarized parallel
to κ and propagating in a direction orthogonal to this Lorentz-breaking vector. Besides, it is a transversal
mode of propagation.
For the poles k20 = m
2
1 and k
2
0 = m
2
2, the relations k
2
x + k
2
y = k
2
x + k
2
y + (t ± kz)
2 leave us with
the conditions kz = −t and kz = t for the modes corresponding to the poles k
2
0 = m
2
1 and k
2
0 = m
2
2,
respectively.
Now, if we take Az = 0, along with the other three components of the field equation, we get the
condition k20 = k
2
x. This solution is possible for k
2
0 = m˜
2, if ky = 0, and for k
2
0 = m
2
1,2, if ky = 0 and
5kz = ±t. It is also important to note that, for Az = 0, that is, for A orthogonal to κ, it is not possible
to adopt the natural gauge (φ = 0). This can be seen from the gauge condition of equation (12), which
takes the form k0φ = kxAx. To infer about the physical nature of the poles, we have to investigate about
issues like unitarity and causality.
Unitarity at tree-level can be investigated analyzing the propagator saturated by conserved currents,
SP = Jµ∆µνJ
ν . (16)
The current conservation in momentum-space is written as kµJ
µ = 0. Unitarity requires that the residue
of the saturated propagator in a physical pole is positive definite [30], [31]. This requirement can be
checked by calculating the residue matrix in the pole for the complete propagator and, then, verifying if
its eigenvalues are positive definite. Here we opt for analyzing directly the saturated propagator, which
is given by
SP =
i
D1
{
(−k2 + κ2)J2 +
1
D2
[
κ2(−k2 + κ2)− 4D2
]
(J · b)2
}
. (17)
For our spacelike κµ, we get
SP = −
i
(k20 −m
2
1)(k
2
0 −m
2
2)
{
(k2 + t2)J2 +
t2J2z
k20 − m˜
2
[
−(k2 + t2) + 4(k20 − m˜
2)
]}
. (18)
We carry out below the analysis of the particular cases we have just obtained.
1. k20 = m˜
2, with kz = 0
When kz = 0, we get m
2
1 = m
2
2 = m˜
2 + t2 and k2 + t2 = k20 − m˜
2 + t2. The saturated propagator, in
this case, reads
SP = −
i
(k20 − m˜
2 − t2)2
{
(k20 − m˜
2 − t2)J2 +
t2J2z
k20 − m˜
2
[
(k20 − m˜
2 − t2) + 4(k20 − m˜
2)
]}
(19)
The calculation of the residue in the pole k20 = m˜
2 is straightforward and yields
Rk2
0
=m˜2(SP) = J
2
z , (20)
which is positive definite.
2. k20 = m
2
1, with kz = −t
When we look at eq. (18), we see that, when kz = −t, and consequently m
2
1 = m˜
2, the saturated
propagator apparently exhibit a dangerous double pole. However, it occurs an interesting cancelation of
one power of k20 − m˜
2, since, in this case, we have k20 − |k|
2 + t2 = k20 − m˜
2. The saturated propagator,
in this particular situation, takes the form
SP = −
i
(k20 − m˜
2)(k20 − m˜
2 − 4t2)
{
(k20 − m˜
2)J2 + 3t2J2z
}
(21)
The calculation of the residue in the pole k20 = m
2
1 = m˜
2 yields
Rk2
0
=m2
1
(SP) =
3
4
J2z , (22)
which is positive definite.
63. k20 = m
2
2, with kz = t
We now consider the pole k20 = m
2
2 in the particular situation in which kz = t. Again the pole collapses
to m˜2, and the possibility of a double pole arises. However, as in the previous case, a factor of k20 − m˜
2 is
canceled and we are left with a simple pole. We proceed to identical calculations as in the last subsection
to obtain
Rk2
0
=m2
2
(SP) =
3
4
J2z , (23)
which is positive definite.
We observe that, in the case of a spacelike background vector κµ, we have three simple poles, k20 = m
2
1,
k20 = m
2
2 and k
2
0 = m˜
2, which contribute each one with one degree of freedom of the propagating gauge
field. Interestingly, the propagating modes are constrained to collapse to the pole k20 = m˜
2.
B. The case of κµ timelike
We set our external timelike vector as given by κµ = (t, 0, 0, 0), so that we have κ2 = t2 and λ = tk0.
The denominator D1 becomes
D1 = (k
2
0 −m
′2
1 )(k
2
0 −m
′2
2 ), (24)
with m′21 = (|k| + t)
2 and m′22 = (|k| − t)
2, while D2 = t
2|k|2. In this case, D2 does not provide a
dynamical pole.
As before, we begin our analysis by the momentum-space field equation which, for our timelike κµ,
reads
(−k2 + t2)Aν + (k0kν − t
2δ0ν)φ+ 2itεµν0βk
βAµ = 0. (25)
For ν = 0, we get
|k|2φ = 0, (26)
which sets φ = 0. On the other hand, the spatial indices give us the vectorial equation
(k2 − t2)A+ 2it(k×A) = 0. (27)
The equation (27) leaves no place for a physical mode of propagation of the gauge field. A similar
analysis, reveals that the field equations for a lightlike κµ do not provide acceptable solutions as well.
Therefore, we are left with the unique possibility of a spacelike κµ. This is no surprising. For example,
in [29] it was shown that for a Carroll-Field-Jackiw model only a spacelike background vector provides a
consistent theory.
IV. ONE LOOP RADIATIVE CORRECTIONS
After discussing classical aspects of the propagating modes of the vectorial field Aµ, we turn our
attention to the quantum corrections to our model. The complete action for our Lorentz- and CPT-
violating model is given by
S =
∫
d4x
{
LG + ψ¯ (i∂/−m− eA/− b/γ5)ψ
}
. (28)
First, we note that there is no modification here in the interaction between the fields Aµ and ψ
of QED, which is described by the conventional minimal coupling −ieγµ (Fig. 2a). Considering the
Lorentz-violating terms in (28), since the bµ vector appears in only one term of the model, we treat it
7as a perturbation of the QED Lagrangian, so that it is used as a vertex insertion within the Feynman
diagrams of QED (Fig. 2c):
Vb = −ibµγ
µγ5. (29)
Concerning the terms which contain the Lorentz-breaking vector κµ, they might also be treated as
perturbations of the original Lagrangian density. However, since we would have to consider two different
kinds of insertions (one at first order and another at second order in κµ) for the same background vector,
we opt to use the propagator for the gauge field up to second order in κµ. With this aim, we expand the
complete photon propagator of equation (8) in the Lorentz-violating parameter κµ,
∆µν(p) = ∆µν(p) |κ=0 +
∂∆µν(p)
∂κρ
|κ=0 κ
ρ +
1
2
∂2∆µν(p)
∂κρ∂κσ
|κ=0 κ
ρκσ +O(κ3) (30)
to obtain
∆µν = ∆µνQED(p)−
2
p4
ǫµναλκαpλ +
i
p6
{
2p2
(
κ2ηµν − κµκν
)
−4ηµν (κ · p)2 − 4pµpνκ2 + 4(κ · p) (pµκν + pνκµ)
}
+O(κ3)
≡ ∆µν(0) +∆µν(1) +∆µν(2) +O(κ3), (31)
in which ∆
(0)
µν , the zeroth-order term in κµ, is the photon propagator of the traditional QED, ∆
(1)
µν is the
contribution to the propagator in first order in κµ and so on. The expansion can be diagrammatically
represented by Fig. 1.
+ + + ...
 
FIG. 1: Diagrammatic representation of the expansion of the classical gauge propagator (8) up to second order in
κµ. The first diagram represents the usual photon propagator, whereas the second and third terms correspond,
respectively, to ∆
(1)
µν and ∆
(2)
µν .
Finally, since we are treating the axial term in the fermionic sector as a perturbation, we are left with
the usual fermion propagator (Fig. 2b), given by
SQED(p) =
i
p/−m
. (32)
p p
b )p
q
p ’
a)
p p
c)
FIG. 2: (a) the trilinear vertex of QED; (b) the usual fermion propagator; and (c) the Lorentz-breaking insertion
in the fermion line.
Here we are interested in the one-loop Lorentz-violating contributions to the two-point functions of
the photon and fermion fields. Figures 3 and 4 show the Feynman diagrams up to second order in the
Lorentz-violating vectors κµ and bµ.
8A. Two point function of the Aµ field
X
p p
a)
XX
p p
b )
p p
X
X
c)
pp
d )
X X
FIG. 3: Feynman diagrams for the photon two-point function with insertions of the axial vertex (29), up to the
second order.
Let us start with the diagrams in Fig. 3, which represent Lorentz-violating contributions to the
polarization tensor at one-loop order. For the photon two-point function, the first order contribution in
bµ, represented by the diagram in Fig. 3a, is the well-known CFJ term, whose quantum generation has
been extensively discussed in the last two decades. We focus on the second order contribution.
Thus, we next consider the diagrams in Figures 3b, 3c and 3d, which have two insertions of the vertex
(29). The analytical expressions for these diagrams can be derived by using the Feynman rules presented
in the last section. We have, respectively
Π(3b)µν = −e
2
∫
d4k
(2π)4
Tr
{
γν [(p/ − k/) +m)]γµ(k/ +m)b/γ5(k/ +m)b/γ5(k/+m)
}
(k2 −m2)3[(k − p)2 −m2]
, (33)
Π(3c)µν = −e
2
∫
d4k
(2π)4
Tr
{
γν[(p/ − k/) +m)]b/γ5[(p/− k/) +m]γ
µ(k/ +m)b/γ5(k/+m)
}
(k2 −m2)2[(k − p)2 −m2]2
. (34)
and
Π(3d)µν = −e
2
∫
d4k
(2π)4
Tr
{
γν [(p/ − k/) +m)]b/γ5[(p/ − k/) +m)]b/γ5[(p/− k/) +m)]γ
µ(k/ +m)
}
(k2 −m2)[(k − p)2 −m2]3
. (35)
After computing the three contributions, we obtain the following finite result
Πbbµν = −i
e2
2π2
{
1
6
b2ηµν + b
2ηµν
∫ 1
0
dx(2 − 3x)x ln
(
H2
m2
)
−m2b2ηµν
∫ 1
0
dx
x(1 − x)
H2
+ 4m2b2(pµpν − p
2ηµν)
∫ 1
0
dx
x(1 − x)2
(H2)2
+4m2p2bµbν
∫ 1
0
dx
x2(1 − x)
(H2)2
− 2m2(p · b)(pµbν + pνbµ)
∫ 1
0
dx
x(1 − x)
(H2)2
+2m2(p · b)2ηµν
∫ 1
0
dx
x2(1 − x2)
(H2)2
− 4(p · b)2ηµν
∫ 1
0
dx
x2(1− x)(1 − 2x)
H2
+b2p2ηµν
∫ 1
0
dx
x3(1 − x)
H2
+ 2p2(p · b)2ηµν
∫ 1
0
dx
x4(1− x)2
(H2)2
}
, (36)
9in which H2 = −p2x(1 − x) +m2. This result can be organized in a manifest gauge-invariant form. For
simplicity, we write the result in powers of p2 as
Πµν = −i
e2
6π2m2
[
1 +
2
5
p2
m2
+O
(
p4
m4
)]
Tµν , (37)
with
Tµν = b
2(pµpν − p
2ηµν) + p
2bµbν + (p · b)
2ηµν − (p · b)(pµbν + pνbµ). (38)
We see from the tensor Tµν that the second-order correction in b
µ has a Maxwell part and a contribution
with the aether form (bµF¯
µν)2, with F¯µν = ∂µAν − ∂νAµ. Besides, we got higher-order derivatives of
these terms. The terms in p2 are in agreement with the ones obtained in [38],[39]. It is interesting to
note that at one-loop order, there is no correction to the Lorentz-violating mass term generated at the
classical level for the vectorial field Aµ. This occurs due to a cancelation of divergencies coming from
different contributions and the use of a regularization prescription which sets surface terms to zero. Here
we have used Implicit Regularization [40], but it also happens for any gauge-invariant technique. If the
use of a gauge-invariant regularization method is relaxed, a finite correction to the Lorentz-breaking mass
term would be obtained (see [41] and [42]).
B. Two point function of the ψ field
p p p p
X
a) b )
c)p p
X Xp pd )
X
e)
p p
FIG. 4: Feynman diagrams for the fermion two-point function with one and two insertions of the Lorentz-breaking
vectors.
Let us now compute the Lorentz-breaking corrections to the two-point function for the fermionic field.
The Feynman graphs which represent the contributions up to second-order in the background vectors are
presented in Fig. 4.
It is worth to note that only the first-order corrections (Figures 4a and 4c) will deliver divergent
integrals. The corresponding amplitudes are given below
Σ4a = 2ie
2κσǫ
σµρν
∫
d4k
(2π)4
γν [(p/ − k/) +m]γµkρ
k4[(k − p)2 −m2]
(39)
and
Σ4c = −e
2
∫
d4k
(2π)4
γν(k/ +m)b/γ5(k/+m)γ
ν
(k2 −m2)2(k − p)2
. (40)
10
It is important to remember that in the graph of Fig. 4a, the photon line with one insertion means the
term ∆
(1)
µν in the expansion of the photon propagator. These two contributions furnish the results
Σ4a = e
2
{
−3κ/Ilog(Λ
2) + 3
i
16π2
κ/
∫ 1
0
dx ln
(
M2
Λ2
)
−
i
4π2
(κ/p/− κ · p)
[
m
∫ 1
0
dx
x(1 − x)
M2
+ p/
∫ 1
0
(1 − x)2x
M2
]}
γ5 (41)
and
Σ4c = e
2
{
−b/Ilog(Λ
2) +
i
16π2
b/
∫ 1
0
dx ln
(
M2
Λ2
)
−
i
4π2
(p · b)p/
∫ 1
0
dx
(1− x)2x
M2
+
i
4π2
m2b/
∫ 1
0
dx
x
M2
}
γ5, (42)
where
Ilog(Λ
2) =
∫
d4k
(2π)4
1
(k2 − Λ2)2
, (43)
M2 = x(m2 − p2(1− x)) (44)
and Λ2 is a mass scale introduced in the process of Implicit Regularization [40]. We perform an expansion
in powers of the external momentum pµ and obtain, up to the first-order,
Σ4a +Σ4c = e
2
{
−(3κ/+ b/)Ilog(Λ
2) +
i
16π2
{
(3κ/+ b/) ln
(
m2
Λ2
)
+ 3(b/− κ/)
−2
(κ/p/− κ · p)
m
}}
γ5 +O(p
2). (45)
The contributions of second-order in the Lorentz-breaking parameters are represented by the graphs
of Figures 4b, 4d and 4e and are given by
Σ4b = e
2
∫
d4k
(2π)4
γν(p/ − k/+m)γµ
[(k − p)2 −m2]
∆
(2)
µν
i
, (46)
Σ4d = −e
2
∫
d4k
(2π)4
γµ(k/+m)b/γ5(k/ +m)b/γ5(k/+m)γµ
(k2 −m2)3(p− k)2
(47)
and
Σ4e = 2ie
2ǫµναβκα
∫
d4k
(2π)4
γµ(k/+m)b/γ5(k/+m)γν(p− k)β
(k2 −m2)2(p− k)4
. (48)
All these Feynman integrals will deliver finite results, which are given by
Σ4b =
i
4π2
e2
{[
2κ/(p · κ)− p/κ2
] ∫ 1
0
dx
(1 − x)x
M2
− p/(p · κ)2
∫ 1
0
dx
(1 − x)2x3
M4
}
, (49)
Σ4d =
i
8π2
e2
{
2mb2
[
2m2
∫ 1
0
dx
x2
M4
−
∫ 1
0
dx
x(3 − x)
M2
]
+ 2(p · b)b/
∫ 1
0
dx
x(1 − x)2
M2
+b2p/
[∫ 1
0
dx
x(1 − x)2
M2
− 2m2
∫ 1
0
dx
x2(1− x)
M4
]
+2(p · b)2
∫ 1
0
dx
x2(1− x)2 [(1− x)p/ − 2m]
M4
}
(50)
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and
Σ4e = −
1
8π2
e2ǫανβσκαγσ
{
−m(γβb/− bβ)
∫ 1
0
dx
x(1 − x)
M2
− 2m2b/pβ
∫ 1
0
dx
(1 − x)x2
M4
−2m[p/b/− (p · b)]pβ
∫ 1
0
dx
x2(1− x)2
M4
+ [(p · b)γβ + p/bβ]
∫ 1
0
dx
x(1 − x)2
M2
+2(p · b)p/pβ
∫ 1
0
dx
x2(1− x)3
M4
+ b/pβ
∫ 1
0
dx
x(1 − x)2
M2
}
γνγ5. (51)
We again carry out an expansion in powers of pµ, up to the first-order, to write
Σ4b +Σ4d +Σ4e =
i
8π2
e2
m
{
−b2 − 3(b · κ) +
1
3m
{[
−3κ2 − 2b2 + 4(κ · b)
]
p/
+2p · (3κ+ 2b)κ/+ 2p · (b − κ)b/}}+O(p2). (52)
Let us now comment on the results of this section. Considering the first-order quantum corrections
to the fermion two-point function, we found that both contributions, in bµ and in κµ, are divergent.
Actually, a classical Lorentz-violating extension of QED with only the CFJ-term (that is, with bµ = 0)
would give us an inconsistent quantum field theory since a logarithmically divergent Lorentz-violating
term in ψ¯γ5γ
µψ is obtained by radiative correction from the two point Green function of the fermion
field ψ. This fact was already known from [43], in which the one-loop renormalization of the extended
QED at first order in the Lorentz-breaking parameters was performed. The second-order corrections, on
the other hand, are finite and contribute to the kinetic- and mass-terms of the ψ-field.
V. CONCLUSION
We presented a model which incorporates CPT-odd Lorentz-breaking terms in both gauge and fermionic
sectors. In this model, the gauge sector is written in the Palatini form, such that Aµ and Fµν are treated
as independent fields. This formulation naturally relaxes gauge-invariance at the classical level and gives
rise to a CPT-even Lorentz-violating mass term for the photon field. In other words, a Palatini-like
formulation, with the contribution of Lorentz violation, induced a Lorent-breaking mass term which, in
turn, causes the violation of gauge symmetry. It is relevant to enforce the role of the CFJ term is this
process, since if we have a null κµ the gauge symmetry is restored. Therefore, we have an interesting case
in which Lorentz-symmetry violation causes the breaking of gauge invariance.
This new form of the gauge sector in the classical action was investigated through the analysis of
the poles of the photon propagator for the case the background vector κµ is spacelike, timelike and
lightlike. For a spacelike κµ, we have three simple poles which contribute each one with one degree of
freedom of the propagating gauge field. For each mode, the field equations impose several restrictions in
the direction both of propagation and polarization of the vectorial field relative to the Lorentz-breaking
vector. Interestingly, these restrictions force the propagating modes to collapse to the pole k20 = m˜
2. On
the other hand, there are no acceptable modes of propagation of the gauge field for timelike and lightlike
κµ.
We also performed the calculation of one-loop quantum corrections to the two-point functions for
both gauge and fermion fields up to the second-order in the Lorentz-violating vectors. Concerning the
corrections to the photon line, the second-order correction in bµ has a Maxwell part and a contribution
with the aether-form (bµF¯
µν)2. Besides, we got higher-order derivatives of these terms. There are no
corrections to the mass term at one-loop order. The first-order quantum corrections to the fermion
two-point function enforced that a classical Lorentz-violating extension of QED with only the CFJ-term
would give us an inconsistent quantum field theory since a logarithmically divergent Lorentz-violating
term in ψ¯γ5γ
µψ is obtained. The second-order corrections to the fermion line, on the other hand, are
finite, and contribute to the kinetic- and mass-terms of the ψ-field.
The complete renormalization of the model at one-loop order was out of the scope of the present work.
It would be interesting to investigate in an upcoming work how the Lorentz-breaking mass term classically
induced here would affect the renormalization and the Ward identities of the theory.
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